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Anomalous temperature dependence of the resistivity of single-wall carbon nanotubes
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The anomalous behavior of conductivity observed in experiment of single-wall carbon nanotubes is shown
to be due to the effects of residual transition metal catalysts residing in close contact with the nanotube walls.
A combination of analysis of the density of states based on the tight-binding molecular dynamics and a simple
model calculation provides a good description of the resistivity behavior observed in experiment.

Single-wall carbon nanotubgSWNT'’s) are metallic or  ing our tight-binding molecular dynami¢¥BMD) method’
nonmetallic depending on their chirality. Among the manyThe scheme allows one to perform spin and geometry unre-
exotic properties observed for the nanotube is the anomalowsricted energy minimization realistically for the determina-
behavior of conductivity as a function of temperature. Thetion of lowest energy structures. The method uses a minimal
reported experimental data for the resistafaf the “arm-  parameter basis set to obtain a transferable tight-binding pa-
chair” SWNT (either in the form of SWNT mats or SWNT rametrization of the Ni-Ni, C-C, and Ni-C interactions appli-
bundles or even in the form of a single nanotulmelicate a  cable to binary Nj,C,, systems. The data base for fitting the
shallow minimum at a temperatufie=T*~40-300 K. For parameters is obtained from experimental andibrinitio
T>T*, the metallic SWNT's exhibit a positivelR/dT, results for small Nj,, C,, and Nj,C,, n+m=<4 clusters,
which is characteristic of metallic behavibiFor T<T*, the latter obtained using the density functional method and
howeverdR/dT is negative. Various mechanisms have beerthe coupled cluster method with single, double, and triple
proposed to explain this anomaloB¢T) behavior. Fischer excitations’ This parametrization, incorporated into the
et al,! note that the measured values of the SWNT diameteright-binding molecular dynamics scheme, has been used
and resistances satisfy the Thouless criterion for onewith success to study NC, clusters of arbitrary sizes as
dimensional localization, suggesting that weak localizatiorwell as the interaction of Ni with graphiteand the G,
may be responsible for the observed anomalR({iT). Kai-  molecule®
ser, Dusberg, and Rofhon the other hand, noting the simi- ~ Our TBMD calculations have shown that curvature plays
larity between the resistivity behavior of SWNT’s and that of an important role in determining bonding sites for Ni on
the highly conducting polymers, suggested that the observeganotubes. In particular, only two distinct bonding sites
anomaly inR(T) may be due to a possible mixing of metal- were found to be stable for Ni chemisorbing 5 and
lic and disordered barrier regions that might have occurred10,10 “arm-chair” SWNT's. These consist ofi) The atop
during the formation of the SWNT. Other suggested mechasite, where the Ni atom bonds directly over a carbon atom
nisms include the effect of inter-tube interactions within thewhile also forming additional bonds with the two nearest
bundlé"* and the presence of metallic and nonmetallic tubesieighbor carbon atoni&ig. 1(a)]. (i) The bridge site, where
in the samplé€. Finally, Gregorianet al.® observing that the the Ni atom resides over a C-C boffgig. 1(b)]. Due to the
transition metalFe, Ni, Cg catalysts reside in close contact strong Ni-C interactions, the chemisorption of Ni results in
with the nanotube walls, suggested that the Kondo type&onsiderable distortions in the SWNT. The atop site was
mechanism may be responsible for the obsenrd) found to be energetically more favorable.
anomaly. It is worth noting that recent experimental results, Additionally, we also performedab initio calculations
in contrast to earlier reporfsshow that transition metal cata- with the GAUSSIAN 98 program packag® and the ONIOM
lysts cannot be totally removed from the SWNT surfacesmethod’ to separate the cluster configuration obtained by
even after they are treated with annealing and argon bonthe TBMD calculations into two segments. The first segment
bardment. contained the Ni atom with 13 nearest C atoms forming three

In this work we provide a plausible explanation for the connected hexagons, treated using fudly initio (B3LYP/
anomalousR(T) behavior observed in experiments based onLanL2D2) method. The second segment contained the re-
the detailed electronic structure analysis of SWNT with tran-maining cluster of C atoms and treated using molecular me-
sition metal catalysts in contact. The stable geometries ofhanics method. Thab initio calculations yielded an energy
various Ni chemisorption sites on SWNT were obtained usdifference of 0.21 eV between these two adsorption sites.
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FIG. 1. The two stable binding sites for a single Ni ori5z5) Bridge-site

carbon nanotube wallg) atop site andb) bridge site. 6.0 r

The TBMD results for the magnetic moment of the adsorbed
Ni atom, its charge state and its bond lengths with the neigh-g
boring carbon atoms at these two adsorption sites are preg
sented in Table I. A comparison of similar calculations for
Ni on graphite revealed qualitatively different resdlts.
Interestingly, in addition to the anomaloR§T) behavior, a0 b
the experimental results also show a strong variation of the
crossover temperatufié among samples of SWNT prepared 60
from the same doped targefurthermore, the temperature 80 |
dependence of the resistivifyhe resistivity increase at low
T) (Ref. 1) is found to be reminiscent of Kondo alloys, and ~ %%sg 200 150 2100 50 0.0
may point to spin-flip scattering from traces of Ni and Co (b) Energy (eV)
incorporated into the SWNT. In this case, it is worth noting

N . . .
that T* also provides a measure of the magnetic |mpur|ty(5,5) single-wall carbon nanotube induced by the adsorption of a

density in Kondo alloys. . ; . o
. - single Ni atom on an atop site. The LDOS at the Ni site is shown b
With these experimental facts at hand, we focus our ef g P Y

. . . the dotted curve. The Fermi energy is indicated by the vertical
forts_on the effects of Ni atoms on the S_WNT W'th aVIEW 10 jagheq line(b) The same as for(3) fgrya Ni atom on a gridge site.
provide us with an explanation of the issues raised by the

experiments. _ _ -

In Figs. 4a) and 2b) we present the changes in the elec-Also shown in the same figures are the local densities of
tron density of state€DOS) that the Ni atom induces in the states(LDOS) for the chemisorbed Ni atorfdotted lines.
electron DOS of the SWNT upon its adsorption at the atoplhe most interesting feature that emerges from these figures
and bridge sites, respectiveiy:® These figures have been is that for the Ni atom at the bridge site there is a substantial
obtained by subtracting from the electron DOS of the Ni-Ni contribution to the electron DOS of the Ni-SWNT system
tube system the electron DOS of the tube in the absence @it the Fermi energyHg). Analysis of the LDOS reveals the
the Ni atom while keeping the tube at its relaxed geometry. contribution neafEg coming almost entirely from the N

orbitals. On the other hand, as can be seen in Hia), for

TABLE I. Summary of results for Ni on a nanotube wall. Posi- the Ni atom binding at an atop site, the Ni contribution to the
tive values of charge transfer indicatess of charge on Ni, while  g|ectron DOS at the Fermi level is substantially less. We also
negatlvg values |nd|cat_ga|n in charge on Ni. The values of 'Fhe performedp(Eg) calculations for Ni positions in the vicinity
magnetic momeni are in Bohr magnetonsug). The numbers in ¢ the staple positions obtained for atop and bridge sites. Our
parentheses denote the number of times the given quantity is r&alculations show that appreciable valug¢Ey) is attained

Electro

FIG. 2. (a) The change in the electron DQSolid curve of the

peated. only very near the bridge site. Furthermore, the results of
Site Charge transfer  u Ni-C bonds Table I.indicate no significant changes in .the va}lues of the
() (120) A) magnetic moment _of Ni at _the atop and bridge sites.
Based on this information, we present a simple model
Ni tube atop —0.05 0.15  1.79, 1.9%2) calculation to provide an explanation for the anomalous be-
bridge -0.18 0.10 1.762) havior of the resistivity observed in the SWNT, namely its

negative upturn with decreasing temperature.
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Due to the metalliqor, more specifically, semimetallic will increase, resulting in a decrease in electron resistivity.
character of th€5,5 SWNT, its electron conductivity is well This continues until the bridge site to less stable sites re-

described by the expression: placement process is complete and then the metallic, linear
temperature behavior takes over, resulting in an upturn in the
ne’r(Eg) resistivity.
T= m ' (@) To provide a quantitative description of our arguments we

assume that the occupancy at bridge sithig,iqqe(T),

wheren is the electron density per unit volum®@,ande the  changes with temperature according to the expression
mass and the charge of the electron, respectivdlltr) is

the relaxation time evaluated at the Fermi eneky. A Npridge( T)=Nprigge(T=0)[1— e~ (AFact/kaD]  (4)

simple expression for the relaxation time indicates'that . L
P P wherekg is Boltzmann’s constant andlE ., the activation

1 energy for making the transition from bridge to the nearby
T(E)~——, (2) less stable site. Under this assumption, it is straightforward
Tp(E) to show that the total resistivity,,; of the tube in contact

whereT denotes the temperature an(E) the electron DOS, With catalyst atomgas described by Eq$l)—(3)] takes the
In addition to the bulk resistivity described by Eqa) ~ form
and(2), there is a substantial surface contribution induced b _ —E. /KT
the adsorbed atoms of the catal{i§t,Co). This contribution g Xior=(A+BT)(I'—Ae FeetTer), ®)
is proportional to the electron DOS, apdEg), and can be whereA, B, I', andA are positive constants.
expressed a8’ Equation(5) reduces to the form proposed by Fischer and
collaborator$ for the temperature dependence of the resistiv-
Xsurt=Np(Ep), (3) ity as obtained by fitting their experimental data. The exact
determination of the constants of E) depends on the

where) is a temperature independent constant depending OConcentration of the catalyst atoms and their distribution on

the system characteristics m, Er and width of adsorbate bridge and atop sites at the beginning of the experimental
reslcz)nan(}e. . ination with th s of Fiqs, M€asurements.
quations(1)—(3) in combination with the results of Figs. " atough an accurate determination of the concentration

2_(a) and 2b) can be used to provide the following justifica- .of the catalyst atoms is not feasible, an approximate estimate
tion for the anomalous temperature dependence of the resiszn e obtained as follows: Assuming equal numbers of Ni
tivity of the (n,n)-SWNT’s: In the experiment reported

. ' _atoms at atop and bridge sites initially, i.8la1op=Nprigge
SVgNT s&'slmpleds were producecll t?jycthe Ia?;_ﬁrh:blatlon plroces;s No and letting » denote the ratio between the electron
and condensed on a water-cooled Cu sur S€ SaMPIES pg of the atop site to that of the bridge site, ). shows

contain Ni and Co catalyst residues in close contact with th PR o

SWNTS For Ni catalyst the only stable bonding geometries?hat the crossover temperatufé is given by the relation:

are the two shown in Fig. 1. Given the small energy differ- EactXsur(1—7)

ence between the two configurations, at low enough tempera- T*ZT’ (6)

tures both sites are equally likely, having been trapped in 7€8Xbulk

local minima on annealing. As the temperature increasesyhere y,,x denotes the bulk contribution to the tube resis-

however, Ni atoms may moveliffuse) from these sites to tivity. It is apparent from Eq(6) that for =1, i.e., when

less stable ones depending on the activation energy barrig¢here is no change in the electron DOS at the Fermi energy,

towards these states and the thermal energy of the Ni atomsonsistent with our assumptions, no crossing temperature is
According to our calculations, the occupancy of the atoppredicted.

site cannot be affected by temperature induced changes of If it is further assumed thatT*=100 K, 5<[0.1

the Ni position due to the sharp local energy minimum asso--0.2], and E,/kg=116 K (i.e., for E,.;=10 me\), we

ciated with this site. However, this does not appear to be thebtain a value for the ratio

case for the bridge site which is found to be almost isoener-

getic (within a range of 10 mey}with adjacent adsorption Xsurf

sites. It is therefore reasonable to assume that only the occu- -

pancy at bridge sited\iqge(T), changes with temperature. . )
In order to explain the observed anomalous temperaturt® be «~0.3. Using these approximate values, the total re-

dependence of the resistivity of the SWNT we invoke twosSistivity of the tube xq, is found to be

competing mechanisms, one dominating at low and the other

at high temperatures. Starting at low temperatureT @s- Xtot™=400aNopatop( Er), ®)

creases, most of the bridge adsorption sites are graduallyhereq is a proportionality constant defined as

replaced by their nearest less stable ones. At these sites, our

results indicate that the electron DOSEgt is smaller than Xoulk= T patop(EF). 9

that of the corresponding relaxed bridge site. Thus, during

this process, there is a reduction in the electron DOS at the An approximate way for determiningp ., (Er) is to set

Fermi level approximately according to the results of Figs.t equal to the temperature derivative of the resistivity for

2(a) and 2b). Assuming this reduction in DOS & to  T>T*. Thus, from values for the resistivity of the tube

offset the linear increase ifin Eq. (2), the relaxation time aroundT=T* and its temperature gradient far>T* (as

)

Xbulk
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those obtained from Ref) ve can obtain an estimate . completion of our work. In particular, Kong, Han, and Hm
The value ofN, obtained corresponds approximately to 5 found that there exists a remarkable difference in the electron
X 10'2 Ni atoms per crf of the tube surface. DOS of a SWNT-Cu contact which depends on whether the
A similar study with V atoms on 45,5 “arm-chair”  adsorption site is the atop or the bridge one. The difference
SWNT resulted in the following findings: The V atom exhib- found is striking enough to result in a Cu-tube bond which
its stable adsorbed positions at atop and bridge sites, just axhibits ionic character at the atop site and covalent charac-
in the case of the Ni atom. Additionally, V atoms can alsoter at the bridge site. However, in the present case of the Ni
reside stably at hole sitése., over the center of the hexago- adsorption, althougp(Eg) appears smaller in the atop case,

nal rings.' prever, at none of these sites V atom in_tro- no gap is found to develop & that can justify the anoma-
duces appreciable chang_eSpl(”EF) _of the \_/-tube system, in |5us T behavior of the resistivity.

contrast to the case of Ni adsorption. This leads us to specu-
late that the anomalouR(T) behavior will not be seen in The present work was supported through grants by the
SWNT samples with V residues. NSF (No. OSR 98-62485, No. OSR 99-07463, MRSEC Pro-

The strong dependence of the induced electron DOS ogram under Grant No. DMR-980968@®EPSCoRNo. OSR

the kind of the adsorbed transition metal atom and on it99-63231 and No. OSR 99-63232he Semiconductor Re-
adsorption site is supported by a very recent study of search CorporatiofSRO), and the University of Kentucky
SWNT-Cu nanocontact that we became aware of at th€enter for Computational Sciences.
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